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Learning Objectives

e Review the role that essential fatty acids should have as part of nutrition interventions for low- and
middle-income countries

¢ Identify the dietary sources for essential fatty acids and their conversion to other n-3 and n-6 fatty
acids
Describe how essential fatty acids are associated with birth outcomes
Explain the mechanisms for how essential fatty acids are associated with chronic diseases

e Describe how dietary requirements for essential fatty acids can be determined.

Introduction

Essential polyunsaturated fatty acids, of both the n-3 and n-6 series, play a critical role in a myriad of
complex biologic and metabolic pathways. They thereby affect various processes relevant to human
health and disease throughout the life course, from fetal and infantile neurodevelopment to immune
modulation, with an impact on diverse conditions as asthma, rheumatoid arthritis, inflammatory
bowel disease, and atherosclerosis.

This review focuses on basic science research and clinical/epidemiological studies relating to
essential polyunsaturated fatty acids, with an emphasis on areas of importance to developing coun-
tries, specifically those pertaining to mother and child health. Attempts to assess dietary requirements
of essential fatty acids and maintain their adequate intake during pregnancy, lactation, and early
childhood, in vulnerable middle- and low-income populations, will be addressed.

E. Granot (PX)

Department of Pediatrics, Kaplan Medical Center, Rehovot,
Hebrew University—Hadassah Medical School, Jerusalem, Israel
e-mail: ettie.granot@ekmd.huji.ac.il

R.J. Deckelbaum

Institute of Human Nutrition, Departments of Pediatrics and Epidemiology,
Columbia University Medical Center, New York, USA

e-mail: rjd20 @cumc.columbia.edu

© Springer Science+Business Media New York 2017 321
S. de Pee et al. (eds.), Nutrition and Health in a Developing World,
Nutrition and Health, DOI 10.1007/978-3-319-43739-2_14



322 E. Granot and R.J. Deckelbaum

Essential Fatty Acids and Their Metabolism

Essential polyunsaturated fatty acids (PUFA) cannot be synthesized in the body and must be ingested
in food. There are two series of essential fatty acids: omega 3 fatty acids characterized by a double
bond at the third carbon from the methyl end of the fatty acid and omega 6 fatty acids which have a
double bond at the position of the sixth carbon from the methyl end.

The n-3 fatty acids originate from synthesis in plants and algae. The main n-3 fatty acid consumed
is alpha-linolenic acid (ALA)(C 18:3 n-3). The major dietary source of two n-3 fatty acids, eicos-
apentanoic (EPA) acid and docosahexaenoic acid (DHA), is fish. The proportion of linolenic acid that
can be converted to the longer chain n-3 fatty acids EPA (C 20:5 n-3) and DHA (C 22:6 n-3) is very
low, estimated at less than 1% [1-4].

The main essential n-6 fatty acid present in diet, from which longer n-6 fatty acids are synthesized,
is linoleic acid (LA) (C 18:2 n-6). The longer chain-6 fatty acid arachidonic acid (AA) (20:4,n-6), is
also present in diet, but to a lesser degree. Linoleic acid can be metabolized to arachidonic acid
(C 20:4 n-6). Arachidonic acid is further metabolized, by chain elongation, via docosatetraenoic acid
(C 22:4 n-6) to tetracosapentaenoic acid (C 24:5 n-6). The metabolism of n-3 and n-6 fatty acids is
interrelated and uses the same enzymes for elongation and desaturation; high intakes of the n-6
linoleic acid inhibit the metabolism of the n-3 linolenic acid so that the conversion of linolenic acid to
DHA is decreased (Fig. 14.1).

In 1999 an NIH sponsored Workshop on the Essentiality of the Recommended Dietary Intakes for
n-6 and n-3 Fatty acids [5] emphasized the importance of decreasing n-6 PUFA in face of an increase
in dietary n-3 PUFAs, in order to reduce adverse effects of excesses of AA and its eicosanoid products
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Fig. 14.1 Schematic illustration of major n-3 and n-6 fatty acids derived from linoleic acid and alpha-linolenic acid.
Adapted from Marszalek and Lodish [99]
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that can occur when too much linoleic acid and AA are present in the diet. Linoleic acid converts to
AA via the enzyme A-6 desaturase, which is the same enzyme necessary to desaturate alpha-linolenic
acid, the parent compound of the n-3 class.

Traditionally human diets contained almost equal amounts (1-2:1) of n-6 and n-3 fatty acids. Over
the past 100-150 years there has been a decrease in n-3 FA intakes and an enormous increase in
consumption of n-6 FA, due to intake of vegetable oils from corn, sunflower seeds, safflower seeds,
and soybeans. In Western diets the n-6/n-3 ratio is estimated at 15:1-16:1 but can reach as high as
20-30:1 [6-8].

Reducing the large amounts of dietary n-6 LA (present in corn, safflower and soybean oils) or
increasing dietary ALA will better balance n-6/n-3 ratios. The known competition between the two
pathways of essential fatty acids is very difficult to untangle biologically and it is not known in what
proportions C20 & C22 unsaturated long-chain fatty acids will be produced from different dietary
mixtures of linoleic and alpha-linolenic acids.

Polyunsaturated Fatty Acids and Immunomodulation

Polyunsaturated fatty acids are basic constituents of phospholipid membranes and affect membrane
structure and fluidity. They are also precursors of eicosanoids (prostaglandins, prostacyclins,
thromboxanes, and leukotrienes) via which they exert an effect on the immune response. PUFA also
modulate nuclear receptors and intracellular enzyme activities. Leukotrienes derived from AA via the
lipoxygenase pathway stimulate production of proinflammatory cytokines, and the prostanoids
derived from AA via the cyclooxygenase pathway promote vasoconstriction and aggregation of
thrombocytes. EPA competes for the same initial enzymes in the lipoxygenase and cyclooxygenase
pathways leading to inhibition of eicosanoid synthesis from AA. Thus, n-6 FA are expected to shift
the physiologic state to one that is proinflammatory and prothrombotic while n-3 FA are expected to
result in production of eicosanoids that posses more anti-inflammatory, antithrombotic, and vasodi-
lation properties [9].

PUFA are incorporated into membrane phospholipids, specifically in distinct micro domains of the
plasma membrane which are known as lipid rafts. Lipid rafts play a critical role in signal transduction;
PUFA regulate gene expression either directly by interaction with nuclear receptors as the peroxisome
proliferators-activated receptor (PPAR) and liver X receptor (LXR), or indirectly via pathways ini-
tiated at the plasma membrane such as T cell receptors of Toll—like receptors. The effects of PUFAs
on various nuclear receptors are receptor-specific and fatty-acid-specific. PUFAs which activate
PPARY inhibit expression of proinflammatory cytokines. Conversely, as LXR agonists exert an
anti-inflammatory effect via inhibition of COX2 and IL6, PUFAs that inhibit the LXR, would be
expected to have a proinflammatory effect [10, 11]. n-3 fatty acids, in contrast to saturated fatty acids,
have been shown to decrease endothelial lipase which is one of the lipases synthesized and secreted
by macrophages [12]. In mice, endothelial lipase deficiency is associated with a decrease in
atherosclerotic lesions. PPARYy, highly expressed in macrophages—derived foam cells in
atherosclerotic plaques is regulated by EPA, leading to a decrease in endothelial lipase and a parallel
decrease in proinflammatory markers and increase in anti-inflammatory markers [12].

Recently, novel di- and trihydroxy-containing n-3 fatty acid-derived mediators have been defined.
These mediators named resolvins and protectins are of importance in terminating a state of inflam-
mation. The noninflamed state is described not as a passive process but rather as an actively regulated
program of resolution [13, 14].
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Associations Between N-3 and N-6 PUFA Dietary Intakes and Disease

Various epidemiological studies link a high dietary n-6/n-3 ratio with an increased risk of cardio-
vascular diseases, diabetes, asthma, autoimmune disorders, and even cancer suggesting that a
Western-type diet based on a high dietary intake of n-6 FA can have detrimental effects [§8]. Adopting
a Western diet has been shown to be associated with increased morbidity from noncommunicable
diseases—some examples are reviewed below.

Noncommunicable Diseases

Raheja et al. [15] reported a sharp increase in the prevalence of non-insulin-dependent diabetes
mellitus and coronary artery disease among the upper socioeconomic classes in India after they
adopted diets high in total fat and with high n-6/n-3 ratios. Indeed, in Japanese women a low
incidence of breast cancer has been observed among those women who conserved their traditional
diet which contains fats derived mainly from marine sources rich in n-3 PUFA. Similarly, Greenland
Inuits have a very low incidence of breast cancer, cardiovascular diseases, and autoimmune disorders
despite their relatively high fat diet, presumably because of its high n-3 FA content [8, 16, 17].

While results are mixed, administering of n-3 PUFA as fish oil or as individual or a combination of
n-3 FA, in different ratios and amounts, has been studied in the prevention and control of a multitude
of disease states including CHD, hypertension, type II diabetes, rheumatoid arthritis, renal disease,
inflammatory bowel disease, asthma, multiple sclerosis, depression, schizophrenia, and Alzheimer’s
dementia [18, 19].

Increased dietary amounts of n-3 FA have proven beneficial in the secondary prevention of
cardiovascular disease; a ratio of 4:1 was associated with a 70% decrease in total mortality [20, 21].
Yet, despite other studies in cardiovascular patients demonstrating beneficial effects of n-3 FA
supplementation [22], a systematic review of 48 RCT and 26 cohort studies reached the conclusion
that the positive effects of n-3 FA supplementation is nonsignificant [23]. Indeed, more recent, large
intervention studies with marine n-3 fatty acids failed to replicate earlier findings of reduced car-
diovascular mortality in at-risk patients [24, 25]. Attempts to reconcile these conflicting data
emphasize different background intakes of the different n-6 and n-3 fatty acids in the different
populations studied, sample size differences, timing of initiation of the n-3 fatty acid supplements, and
the relative amounts of EPA versus DHA used [26].

Asthma

Population studies in Australia showed that regular fish intake was associated with a 50% reduction in
asthma prevalence and increased airway responsiveness [27] and that children whose parents reported
eating oily fish have significantly less asthma [28]. Yet, the effect of n-3 FA is likely complex—in
patients with asthma, an n-6/n-3 ratio of 5:1 was linked to a beneficial effect whereas a 10:1 ratio had
adverse consequences [29]. In a Japanese study of 6—15-year olds, which compared 1673 asthmatics
versus 22,109 healthy children, increased fish intake (1-2/week) was associated with a significantly
higher prevalence of asthma [30]. However, a review of 9 RCT (in both children and adults) com-
paring n-3 FA supplementation for at least 3 weeks versus placebo found no convincing evidence
regarding the ability of n-3 FA to improve asthma symptoms [31]. These differences might be related
to different baseline n-3 (or n-6) intakes in different populations.
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Other Conditions

Studies on the effect of n-3 FA on ADHD, autism, and related disorders similarly yielded conflicting
results [32, 33] but given their relative safety and general health benefits n-3 FA are considered as a
promising complementary approach to standard treatments [34].

Similarly, when assessing benefit of n-3 PUFA supplementation in rheumatoid arthritis patients
(on pain, swollen joints, laboratory parameters of disease activity), in over 19 RCTs, results are
inconsistent, but in some studies patients did show a definite improvement in clinical findings and
laboratory parameters [35, 36].

In cancer patients there is limited data regarding benefits of n-3 FA. A dietary ratio of n-6/n-3 of
2.5:1 reduced rectal cell proliferation in patients with colorectal cancer but interestingly, no beneficial
effect was observed with the same amount of n-3 but when the ratio of n-6/n-3 was maintained at 4:1
[37, 38]. A recent review highlighting controversies relating to dietary fatty acids in disease [39]
addressed the contradictory studies relating to the effect of fish oil and fish oil fatty acids on lung
cancer and the conflicting data on the association between plasma phospholipids fatty acids and
prostate cancer [40, 41]. An association has been reported between higher blood n-3 fatty acids and
increased cancer prostate cancer risk [42, 43]. Yet, a meta-analysis of eight prospective studies
concluded that intake of marine n-3 fatty acids is not associated with prostate cancer development
[44]. Currently, there is insufficient evidence for establishing any relationship of PUFA consumption
with cancer.

It is noteworthy that results of different trials are not consistent, likely as amount and type of PUFA
used are not uniform and include different dietary fish, fish oils and/or flaxseed oil, rapeseed oil,
primrose oil and EPA, DHA and ALA in variable doses and ratios and for different time periods. As
the conversion of ALA to EPA and DHA is highly inefficient, the beneficial effect of rapeseed or
flaxseed oil may result from the ALA itself. The potential, independent immunomodulatory effects, if
any, of ALA are yet to be determined [45]. Furthermore, optimal doses or combinations of n-3 fatty
acids, or perhaps optimal n-6/n-3 ratios or absolute amounts of n-6 FA and n-3 FA, may be disease
dependent so that in future treatment should be tailored to the specific disease/condition and even to
its degree of severity.

Effect of N-6 and N-3 Fatty Acids in Pregnancy, Lactation, and Infancy

DHA is deposited in appreciable amounts in the central nervous system during the perinatal brain
growth spurt with fetal DHA accretion during the third trimester of gestation estimated at
45-60 mg/day. It is noteworthy that AA accretion occurs mainly postnatally.

Dietary fat intakes and specifically intakes of AA and DHA are important during pregnancy and
early infancy, affecting pregnancy outcome, fetal growth, and infants’ neural maturation and retinal
function [46-50]. In a study encompassing 11,875 pregnant women, low maternal sea food con-
sumption was found to be associated with offspring achieving lower social scores, decreased fine
motor skills, and higher risk of IQ scores at the lowest quartiles [51]. Observation and intervention
studies involving pregnant and lactating women and infants-fed DHA-supplemented formulas show
that a greater intake of DHA is associated with better scores on tests of visual and neural development
in infancy and early childhood [4, 52].

Although the fractional conversion of ALA to n-3 long-chain PUFAs may be greater in women
than in men, it is limited and cannot meet the increased demands for DHA which must therefore be
met by an increase in dietary DHA intake. The recommended daily allowance of DHA during
pregnancy and lactation is 300 mg/day [5] with women urged to aim at an intake of at least
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200 mg/day [53]. This desired intake can be reached with the consumption of one to two portions of
fish per week, of which tuna, herring, mackerel, salmon, and trout are those richer in EPA and DHA.
As for AA, plasma and tissue content is relatively stable and not influenced by the dietary intake of
preformed AA. There is no indication that women of childbearing age with an adequate dietary intake
of the precursor fatty acid, linoleic acid, need an additional supply of AA [53]. Most pregnant women
do not meet the recommended dietary intake of DHA. In a survey of pregnant Canadian women mean
DHA intake was only 82 £ 33 mg/day and in 90% of low-income Midwest American women intake
was far below 300 mg/day [54, 55].

Levels of maternal DHA decline with multiple pregnancies; levels have been shown to be sig-
nificantly less in multiparous compared with primiparous mothers and when pregnancies are closely
spaced [56]. Low consumption of fish has been linked to a higher percentage of preterm deliveries
[57, 58] and the effects of n-3 long-chain PUFA supplementation (150-1200 mg of DHA daily or up
to 2.7 gr total n-3 long-chain PUFA), in pregnant women, on length of gestation and birth weight
have been evaluated. In a number of trials a slight increase in birth weight, and length of gestation
coupled with a reduced risk of preterm delivery, were observed [59-61].

One of us (E.G) recently studied the effect of 400 mg/day of DHA supplementation starting after
the 12th week of gestation in multiparous mothers with all of them in at least their third pregnancy
(40% in their fifth—seventh pregnancies). Gestational length and infants’ birth weight, in the
DHA-supplemented group were compared to a non-supplemented control group and were also
compared within groups to the mothers’ previous pregnancies. DHA supplementation did not have
any effect on the infants’ birth weight. However, an effect of DHA supplementation on length of
gestation was observed in highly multiparous mothers, those with six or more pregnancies [62].

Long-Chain Polyunsaturated Fatty Acids in Human Milk

Maternal dietary intake of DHA affects levels of DHA in breast milk. In a study comparing the
composition of long-chain PUFAs in diet and breast milk of Chinese women from a rural area and
Swedish women residing in Stockholm the Chinese diet was found to contain more linoleic acid and
less AA, EPA, and DHA than that of Swedish mothers [63]. These dietary differences were mirrored
in breast milk fatty acid composition; the ratio of AA to DHA was 3.1 in the Chinese women’s breast
milk and 1.6 in that of Swedish mothers [63]. A comparison of breast milk fatty acid composition of
Chinese women residing in five different geographical regions demonstrated a highly variable AA to
DHA ratio (g/g) with mean levels of 2.77 in inland areas to 0.42 in coastal/sea areas [64]. In a
meta-analysis that considered 65 studies encompassing 2474 women worldwide, breast milk fatty
acid composition demonstrated mean DHA concentrations (% of total fatty acids) of 0.32 £ 0.22
(range 0.06-1.4%) and mean AA concentrations of 0.47 £ 0.13(% of total fatty acids) (range 0.24—
1.0%). The mean ratio of AA to DHA in breast milk, even within the same geographical region,
varies widely. The highest breast milk DHA concentrations were observed primarily in coastal
populations and were associated with marine food consumption [65]. Populations with the highest
breast milk DHA concentrations, in the range of 0.6—1.4%, included women from Japan, Philippines,
Congo, Sweden, Dominican Republic, and Canadian women residing in arctic regions. All of these,
with the exception of Congo, are coastal or island populations. In Congo, proximity to lakes and
rivers likely results in high dietary fish intake. The lowest DHA levels were noted in breast milk
samples from Pakistan, rural South Africa, Canada, the Netherlands, and France with DHA levels in
the range of 0.06-0.14% [65]. These populations reside inland or are from developed countries, both
of which are usually associated with low marine food consumption. Indeed, in Chinese women
residing in the coastal regions of China breast milk mean DHA levels are 2.78% of total fatty acids
whereas levels were only 0.68% in breast milk of Chinese women residing in inland rural areas of
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China [64]. Notably, the concentration of AA in breast milk samples is much less variable than that of
DHA. Based on these studies, the best estimates of worldwide mean breast milk AA and DHA
concentrations (% of total fatty acids) are 0.47 for AA and 0.32 for DHA [65].

The amount of AA and DHA in infant formulas is currently based on these mean breast milk
levels, with a ratio of AA/DHA of 1-1.5:1, thereby aiming to have infant formulas which simulate the
essential fatty acid composition of human milk. The recommended DHA level in infant formulas is
0.2-0.5% of fatty acids with the amount of AA being at least equal to the DHA level. The total fat
content in most infant formulas is 4.4-6.0 g/100 kcal, equivalent to ~40-54% of energy content.

The comparison of levels of AA and DHA in mature and premature human milk is of special
interest as both play a pivotal role in brain development and visual function maturation. The critical
period of placental transfer of these fatty acids is believed to be in the third trimester of pregnancy. It
has been estimated that approximately 45—-60 mg of DHA per day accrues in the fetal brain during
this time period [47, 49]. Thus, in infants born prematurely depleted DHA stores, coupled with
limited ability to synthesize long-chain PUFAs [4] and enhanced needs due to accelerated growth,
places them at high risk for ARA and DHA deficiency.

Long-chain PUFAs and especially DHA are preferentially transported across the placenta to the
developing fetus and accumulate extensively in the fetal brain during the last trimester of pregnancy.
Thus, infants born prematurely are at a disadvantage as their body stores of long-chain PUFAs are
limited while at the same time requirements for fatty acid deposition in their rapidly growing tissues
are high [66]. After delivery, endogenous long-chain PUFAs synthesis is relatively low and supply of
long-chain PUFAs to the breast-fed infant depends on the amount of these fatty acids in breast milk.

Human milk fatty acid composition is influenced by factors such as maternal parity, maternal diet,
and stage of lactation. As infants born prematurely have increased requirements for long-chain
PUFAg, it is of interest to determine whether human milk fatty acid composition is also influenced by
duration of pregnancy. To date, studies on long-chain PUFAs content in milk of mothers who gave
birth to preterm infants have yielded conflicting results [67-70].

One of us (E.G) recently compared fatty acid composition in human milk of mothers giving birth
to full-term and preterm infants. In the mothers of preterm infants, breast milk fatty acid composition
was also studied during the first 2 weeks after delivery [71]. This study did not observe differences in
the proportion of either AA or DHA nor did these levels increase, in breast milk of mothers giving
birth to preterm infants during the 2 weeks post delivery period studied. Furthermore, even in the
“very small” premature infants (26-30 weeks gestation), included in our study, mothers’ breast milk
AA and DHA levels did not differ from mean levels in breast milk of mothers giving birth to full-term
infants. Thus, the results of this study are in accord with the studies by Luukkainen [68] and Kovacs
[70] showing that breast milk of mothers of preterm infants does not compensate for the special needs
and increased requirements for long-chain PUFAs, which result from prematurity. Optimal daily
amount of AA & DHA required by the premature infant should be defined so one can determine if
there is a need to add essential fatty acids not only to infant formulas but also to supplement
breastfeeding mothers.

Breastfeeding confers protection against infections during infancy. Breast-fed infants have an
enhanced local humoral immune response, resulting in a lower prevalence of gastrointestinal and
respiratory tract infections than in formula—fed infants [72, 73]. Exclusive breastfeeding for the first
few months has also been suggested to be protective against the development of atopic disease [74].
Immunoglobulins, lymphocytes, proteins like lactoferrin and lysozyme, which are present in breast
milk, play a specific immunologic role.

Another component, which may be of high importance to maturation and function of the immune
system, is the fatty acid pattern of dietary milks. Human milk contains long-chain PUFAs (20-22
carbons) of both n-3 and n-6 class which constitute ~2% of total fatty acids and which are unde-
tectable in unsupplemented formulas prepared from vegetable oils. The type of dietary milk which
infants consume results in changes in the fatty acid pattern of cell membrane phospholipids [75].
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As the ratio of arachidonic acid-derived eicosanoids and those derived from n-3 fatty acids has
been suggested to play a role in immune modulation [76, 77] we designed a study to assess whether
the beneficial effects of breast milk on the immune response might be related to its essential fatty acid
composition. We measured RBC membrane fatty acid composition, as a surrogate marker for WBC
membrane fatty acid composition, by gas—liquid chromatography in breast-fed and non-supplemented
formula-fed, 2—4 month old, infants. Release of the proinflammatory cytokines IL-1 and TNF was
measured in whole blood culture in bacterial endotoxin stimulated and nonstimulated cells.
Significant differences were observed in cell membrane fatty acid composition between breast-fed and
formula-fed infants; breast-fed infants had a significantly greater percentage of n-3 fatty acids and
specifically a twofold greater level of DHA than infants fed a non-supplemented formula, with similar
membrane levels of AA and % total n-6 fatty acids. Despite differences in cell membrane fatty acid
composition, the release of proinflammatory cytokines by immunocompetent cells did not differ
between breast-fed and formula-fed infants [78]. Although our study failed to prove our hypothesis
that increased mononuclear cell membrane DHA levels would likely reduce cellular production of
proinflammatory cytokines, it was credited for providing “a new glimpse into neonatal nutrition and
its effects on the immune response” [79].

Various parameters relating to the immune response have been compared in infants-fed human
milk, infants-fed non-supplemented formulas, and infants-fed long-chain PUFAs-supplemented for-
mulas. Infants receiving long-chain PUFAs fortified formula showed an increase in the proportion of
activated “memory” CD4 and CD8 cells [80], but no changes were observed in older children
receiving AA and DHA for a 7-month period [81].

In vitro and in vivo studies in animals and humans have demonstrated that long-chain PUFAs
reduce release of the proinflammatory cytokines IL-2 TNFa and IFNy from mononuclear cells
[82—-84], although other researchers did not observe any change in IFNy release following long-chain
PUFAs supplementation [81].

As maternal DHA levels decline with multiple, closely spaced pregnancies we questioned whether
DHA supplementation during pregnancy and lactation, in a population with a high percentage of
multiparous mothers would affect the immune response of their infants, solely breast-fed up to the age
of 4 months [85]. DHA supplementation did not exert an effect on the humoral immune response and
infants in both groups did not differ in levels of immunoglobulins of IgG, IgM, and IgA classes and
the specific antibody response as reflected by measuring the titer of antibodies to HBsAg after two
doses of vaccine (at 2 days and at 1 month of age) was similar in both groups.

Infants in the DHA-supplemented group had a similar number of CD4 cells as the
non-supplemented group but the number of CD8 cells was significantly reduced (CD4/CD8 ratio 2.6
in DHA-supplemented infants as compared with 1.9 in the non-supplemented group). Of CD4 cells
the fraction of CD45RA+ cells, representing naive helper cells, was significantly higher in the
DHA-supplemented group and the proportion of CD8 + CD45RO + activated cells was significantly
higher, constituting 35% of CD8 cells as compared with 16% in the non-supplemented group. In both
CD4 & CD8 cells the production of IFNy was found to be markedly lower in lymphocytes of the
infants in the DHA-supplemented group [85].

Thus, in our study DHA supplementation during pregnancy and lactation did not result in changes
in the infants’ humoral immune response, as assessed by levels of antiHBs antibodies and total
immunoglobulins, but did affect lymphocyte subset profile and cytokine production. A lymphocyte
profile with a higher percentage of CD4 naive cells and decreased IFNy production in both CD4 &
CDS cells is likely compatible with attenuation of a proinflammatory response. The clinical impli-
cations of the changes observed in cellular immune response are as yet speculative and whether
supplementation of DHA to breast feeding mothers confers an advantage to their infants remains to be
elucidated.



14 Essential Fatty Acids 329

Essential Fatty Acid Requirements in Healthy Infants, Children,
and Adults

The Joint FAO/WHO Expert Consultation on Fats and Fatty Acids, Geneva 2008, recommended that
total n-3 FA intake range between 0.5 and 2.0% of total energy with a minimum dietary requirement
of alpha linoleic acid being 0.5% energy [86]. For adult males and nonpregnant, nonlactating females
0.25-0.5 g/day of EPA plus DHA, together, is recommended, with insufficient evidence to set a
specific minimum intake of either EPA or DHA alone; both should be consumed. For pregnant and
lactating mothers the minimum intake, for both their own optimal health and that of the fetus and
infant, is 0.3 g/day of EPA&DHA of which at least 0.2 g/day should be DHA [86]. As for n-6 FA
there is no sufficient data for establishing a precise quantitative estimate of the LA requirement
needed in order to prevent deficiency. An adequate intake of LA of 2-3% of energy is proposed.
Arachidonic acid is not essential for a healthy adult whose habitual diet provides LA at an amount
that is at least 2.5% of total caloric energy supply. There is as yet no compelling scientific evidence
upon which to base recommendations regarding specific ratios of dietary n-6 FA to n-3 FA or ratio of
LA to ALAs [86, 87].

The expert panel reiterated the recommendations that the minimum concentration of DHA in infant
formulas and baby foods should be 0.2% of total fatty acids and should not exceed 0.5% of total FA.
Levels of added AA should, at least, equal that of added DHA. The amount of EPA added should not
exceed the amount of DHA. For infants 0—6 months of age AA should be supplied in the diet within
the range of 0.2-0.3% E, based on human milk composition. For older infants (6—24 months of age),
the LA adequate intake range recommended is 3.0-4.5% of total caloric energy intake. Sources of
long-chain PUFAs during the first year of life include breast milk, infant formulas, or follow-on
formulas enriched with long-chain PUFAs and complementary foods such as eggs and fatty fish.
Highly refined oils from single-cell organisms (algae and fungi), eggs, or fish are appropriate as DHA
and AA sources for use in infant formulas and complementary foods [86].

Essential Fatty Acids and Specific Needs in Developing Countries

A special concern is the lack of data regarding dietary intake of PUFA in low and middle income
countries (LMICs). A recent review compiled information, from the few studies available, on the
content of PUFA in breast milk and in major foods using national food balance sheets from the United
Nations’ Food and Agriculture Organization Statistical Database (FOASTAT) for 13 LMICs [88].
This review indicated that breast milk DHA content is very low in populations living mainly on a
plant-based diet but is higher in fish-eating communities. Per capita supply of fat and n-3 FA increases
markedly with increasing gross domestic product (GDP). In most of the 13 countries surveyed,
70-80% of the supply of PUFA comes from cereals and vegetable oils, some of which have very low
alpha-linolenic acid content. In the nine countries with the lowest GDP, the total n-3 FA supply was
found to be below or close to the lower end of the recommended intake range (0.4% of energy
supply) for infants and children and below the minimum recommended level (0.5% of energy) for
pregnant and lactating women [88]. As breast milk is one of the best sources of alpha-linolenic acid
and DHA, breast-fed infants are less likely to be at risk of insufficient intakes than infants who are not
breast-fed. If needed, where maternal diets have insufficient n-3 intakes mothers can be given DHA
supplementation during pregnancy and lactation; this may be particularly of benefit when breast
feeding is continued for 2 years or more [89].

The issue of optimal infant nutrition, specifically of n-3 FA “fortified” foods is an area of interest,
with a special emphasis on the needs of infants and young children from low-income populations,
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with a high prevalence of malnutrition. The potential for small quantity lipid-based nutrient sup-
plements (LNS), i.e., 20 g/d providing <120 kcal/d to promote growth and development after
6 months of age, is currently being investigated. A recent study showed that infants receiving such
supplements do not reduce their intake of breast milk so that the beneficial effects of breast milk are
not concomitantly decreased [90, 91]. In infants who are 6 months of age, the introduction of
complementary feeding coupled with continued breast feeding is of special interest. Ensuring an
adequate intake of micronutrients, (including calcium, iron, zinc, B vitamins), fat-soluble vitamins
(vitamins A, D, E, and K), appropriate amounts of protein and fat, and specifically the recommended
allowance of EFA, is of major importance [92].

The Food and Agriculture Organization (FAO) reports that adequate intakes of ALA should be
0.4-0.6% of energy intake and that of LA 3.0-4.5% of energy intake, for children aged 6-23 months.
For children residing in LMICs, where the prevalence of underweight is high, essential fatty acid
recommendations based on percentage of daily energy intake would be expected to result in calcu-
lated lower recommended daily amounts of EFA than those of children in well-nourished populations.
Furthermore, the lower stores of EFA that these children likely have and the conversion of EFA to
longer chain derivatives, which is thought to be defective in malnourished children, should also be
considered [94-96]. Daily recommended intakes for EFA in LMICs should be adjusted accordingly
and not be based only on the children’s body weight as this would likely underestimate their needs
and increase the risk of inadequate intake and consequent nutritional deficiency. Yang and Huffman
[93] suggested that adequate requirements should therefore be calculated based on the WHO
Reference Growth Standards, of median body weights of children of similar age, thereby “correcting”
the lower estimated EFA in undernourished children.

Enhancing intake of alpha-linolenic acid through complementary plant food products (soy beans,
soy oil, canola oil, lipid-based supplements) is feasible but due to the low conversion rates of ALA to
DHA it may be more efficient to enhance DHA status by increasing fish consumption or DHA
fortification. An industry that specializes in farmed fish that are fed specific oils, and in the growing of
microalgae, on a large scale, can serve as adequate sources of EPA and DHA. Obtaining n-3 fatty
acids through genetically selected or modified plants is also being studied [97].

Fortification of foods with n-3 long-chain PUFA, specifically DHA, is of growing interest.
Designing products with these long-chain fatty acids for developing countries is especially chal-
lenging as they should be designed so as to address the nutritional needs of the target population and
to withstand environmental conditions that may affect the fatty acids’ stability and cause them to
undergo lipid peroxidation. Other concerns include palatability of fortified foods, and preparation of
appropriate formulations (powder, capsules, oils) according to the age group (infants, adults) for
which they are intended [98].

In order to achieve adequate intake of EFA worldwide recognition of their importance is needed.
Effective strategies to address adequate intakes should address the optimal balance of dietary LA and
ALA based on the metabolism of these fatty acids, determine the appropriate recommended intake for
different periods of life (pregnancy, infancy, early childhood), and allow for differences in require-
ments based on nutritional status. Still, more information is needed to recommend appropriate EFA
intake in populations with undernutrition.

Conclusion

Long-chain polyunsaturated fatty acids act as major mediators of processes relating to health and
disease throughout the life course both in developed and LMIC populations. Their role in fetal
and early infancy is critical and their intake has also been linked to major causes of morbidity and
mortality as cardiovascular diseases, diabetes, asthma, autoimmune disorders, and even cancer.
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The optimal intake of essential fatty acids at various milestones in life and whether intake should be
modified to account for the differing needs in LMICs and in less economically privileged populations
warrants further research.

Discussion Points

e What are the key mechanisms through which essential fatty acids affect health throughout the
lifespan?

e Describe the factors that affect the dietary requirements for essential fatty acids.

e How can changing dietary patterns in the world affect the essential fatty acid status of people
living in low and middle income countries?

e What role can essential fatty acids have as part of nutritional interventions in low and middle
income countries?
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